ATP and ADP dependence were analyzed with a model in which nucleotide-enzyme interactions are at rapid-random equilibrium, whereas E,ATP E,P-ADP transitions occur in steady state. The results indicated competition between ADP and ATP for the catalytic site, whereas ATP interaction with the ADP site was extremely weak. At 0°C the exchange showed a 3-fold p H increase, from p H 5.5 t o 9.0. At an alkaline p H the reaction was not affected by sodium azide and carbonyl cyanide p-trifluometoxyphenylhydrazone, had a biphasic response t o Mgz+ (maximal at 51 3 pm), and was insensitive to ionic strength. At 20°C ATP-ADP exchange was p H insensitive. At both temperatures ATP hydrolysis displayed a bell-shaped response, with a maximum around p H 6.0 t o 6.5. Because no adenylate kinase activity was detected under any condition, these results demonstrate the existence of an ATP-ADP exchange reaction catalyzed by the plant H+-ATPase.
The PM H+-ATPase from higher plants belongs to the family of (E-P)ATPases that catalyze cation transport across membranes (Serrano, 1990) . These enzymes are also involved in Na+, K+, and Ca2+ transport (Goffeau and Slayman, 1981; Serrano, 1990) and share a basic part of the reaction cycle involving the formation and subsequent hydrolysis of an acid-stable acyl-phosphate intermediate, E-P. The cycles also include the shifting between two conformational states: (a) E,, which represents the enzyme with a high affinity for the substrate and the cytoplasmic cation to be transported; and (b) E,, which has a low affinity for the substrate and the intracellular-transported cations. In coupled systems such as the Na+,K+-ATPase system, the E, state has a high affinity for the extracellular-transported cation (Glynn, 1985) . The formation of E-P from ATP leads to the release of ADP and, later, Pi in a uni-bi-ordered reaction. In a reversible cycle, as is the case with a11 studied This work was supported by grants from Consejo Nacional de Investigaciones Científicas y Técnicas, Consejo de ATPases, an ATP synthesis resulting from the interaction of ADP with some form of E-P has been well characterized (Andersen, 1989; Beaugé and Glynn, 1979) . Likewise, this has also been observed with the synthesis of ATP, starting with the interaction of the enzyme with Pi, or ATP-Pi exchange, in the PM H+-ATPase from yeast (Malpartida and Serrano, 1981a, 1981b; de Meis et al., 1987) . ATP-Pi exchange requires the interaction of ADP with the phosphoenzyme; however, we are not aware of any report of a phosphoryl group exchange between ATP and ADP catalyzed by any plant H+-ATPase, the existence of which has been suggested by Briskin and Poole (1983) . In the present work we describe and characterize, for the first time to our knowledge, an ATP-ADP exchange reaction catalyzed by the PM H+-ATPase from higher plants.
MATERIALS A N D METHODS

Source of Enzyme
Seeds of oat (Avena sativa L. Seagram var) were obtained commercially. Oat roots were grown hydroponically for 7 d in deionized water at 20°C in the dark. For the preparation of the enzyme, the method of Vara and Serrano (1982) was followed with some modifications. A11 of the operations were carried out at 4°C. Oat roots (100 g) were cut and homogenized in 150 mL of a medium containing SUC 30%
(w I w), 250 IXIM Tris-HC1, pH 8.5, 25 mM EDTA, 2.5 m M DTT, and 8.1 mg mL-l PMSF. The homogenate was passed through four layers of cheesecloth and the filtrate was centrifuged for 25 min at 6,OOOg. The pellet was discarded and the supernatant, containing the microsomal fraction, was centrifuged at 85,OOOg for 30 min. The pellet (microsomal fraction) was resuspended in GTED 20 (20% glycerol, 10 mM Tris-HC1 [pH 7.6 at room temperature], 1 mM EDTA-Tris, and 1 mM dithiothreitol) and applied to a discontinuous SUC gradient (3346%, w / w ) with TED (10 mM of Tris-HC1 [pH 7.6 at room temperature], 1 mM of EDTA-Tris, and 1 mM of DTT). After centrifugation for 120 min at 85,00Og, the interface fraction enriched in PM was removed, washed according to Hodges and Leonard (1974) , resuspended in GTED 20, and stored at -20°C at 4 mg total protein mL-'. For Triton X-100 treatment 1.5 mg mL-' of the PM fraction was incubated for 10 min at 0°C with 3.7 mg mL-' of the detergent in 0. (Serrano, 1988) . After centrifugation at 85,OOOg for 45 min in the cold, the pellet was resuspended in GTED 20 at a final protein concentration of 4 to 6 mg mL-'. Aliquots of 100 PL of this enzyme suspension were stored at -20°C until use.
Biochemical Determinations
ATP hydrolysis was determined by following the [32P]Pi released from [y-32P]ATP of known specific activity by isobutanol benzene extraction (de Meis and Carvalho, 1974) . The total amount of hydrolysis never exceeded 2 to 4%; this means that even at 0°C there is still a substantial overall cycle of ATP hydrolysis. Therefore, in each experimental condition, ATPase activity was simultaneously determined and the rate of exchange was corrected for ATP hydrolysis according to Beaugé and Glynn (1979) . The ATP-ADP exchange rate was determined from the [14C]ATP formed from [14C]ADP (Beaugé and Campos, 1986) . The nucleotides were separated on Dowex 1 X 8 4 0 0 resin columns. The total eluent volumes passed were 7 mL of 10 mM HCl, 30 mL of 20 mM HCI-NH4Cl, and 15 mL of 250 mM HC1. In a11 of the cases the exchange fraction never exceeded 10% of the expected equilibrium fraction. To reduce the fractional ATP breakdown most experiments were performed at OOC; however, some studies on the pH effects were also carried out at 20°C. Solutions contained 50 mM Mes-Tris, pH 6.0, or Tris-HC1, pH 9.0, 0.5 mM EGTA, 0.16 mM ammonium molybdate, 1 mM EDAC (1-ethyl-3-[3-dimethylamino-propyl] carbodiimide), and 5 mg mL-I oligomycin. ATP, ADP, Mg2+ concentrations, and other modifications are indicated in the figure legends. Before starting the reaction by the addition of the nucleotides, the enzyme was preincubated 12 min in the reaction medium without the nucleotides. Except when ATP and ADP dependente were investigated, the concentrations routinely used were 3 mM ATP and 2 mM ADP. Total protein concentration ranged from 0.05 to 0.5 mg mL-l in a reaction medium of 100 pL.
Protein Determination
Total protein concentration was determined by the method of Bradford (1976) and modified by Read and Northcote (1981) using BSA as a standard. 
RESULTS
Mgz+ Dependence
The presence of Mg2' ions is an absolute requirement for the activity of a11 transport ATPases, including the plant PM H'-ATPase (Brooker and Slayman, 1983; Serrano, 1984) . On the other hand, in the Na+,K+-ATPase, the optimal free Mg2+ i s much higher for the overall ATP hydrolysis (about 1 mM) than for the ATP-ADP exchange (about 20 p~) (data calculated from Beaugé and Glynn, 1979; Beaugé and Campos, 1986) . Therefore, we started by exploring the Mg2+ dependence of both reactions in the plant H+-ATPase. These results are illustrated in Figure 1 , A and B. For the H+-ATPase activity (Fig. 1A ) the Mg2+ dependente follows a Michaelian function with a K , of 120 f 5 p~. Figure 1B shows that at pH 6.0 the response of the exchange reaction to [Mg"] is biphasic, with an optimum at 150 p~. On the other hand, the 21% inhibition observed at 4.2 mM Mg2+ is less marked than that seen with the Na+,K+-ATPase (Beaugé and Glynn, 1979) . The Mgz+ dependence of the ATP-ADP exchange rate was also explored at pH 9.0 (see below). At this stage we wish to point out that the response to [Mg"] was also biphasic, but with a maximum at 510 p~ Mg2+. The highest [Mg"] investigated, 3.4 mM, produced a 27% inhibition, which is not very different from that seen at p H 6.0 (not shown).
The possible effects of the Na+ and K t ions on H+-ATPase and ATP-ADP exchange activities were also studied at 0°C at concentrations between O and 100 mM. On the whole, and except for an inhibition of H+-ATPase activity by [K+] above 40 mM, no other significant effect was observed (not shown).
Dependence of ATP and ADP Concentrations
We next studied the dependence of this ATP-ADP exchange reaction on the concentrations of ATP and ADP. Two series of experiments were done, a11 at O"C, pH 6.0, and 152 p~ free Mg2+. In the first experiment ( Fig. 2A) , the concentration of ATP was varied between 0.05 and 3 mM at two fixed concentrations of ADP, 0.2 and 2 mM. In the second experiment (Fig. 2B) , the concentration of ADP was varied between 0.05 and 2 mM at two fixed ATP concentrations, 0.3 and 3 mM. The points in the figures correspond to the mean t-SE of triplicate determinations. The ATP and ADP dependence were analyzed on the basis of a simplified kinetic model (Fig. 3) with the following assumptions: (a) ATP can compete with ADP for E,P, but it does not affect E,P dephosphorylation; (b) ADP can compete with ATP at a single catalytic site, but it does not phosphorylate E,; (c) ATP and ADP unions are in rapid equilibrium; (d) the E,.ATP e+ E,P.ADP transitions are at steady state; and (e) ATP hydrolysis is not included in this scheme; however, exchange estimations were always corrected for the simultaneous ATPase activity. The model, solved with the KingAltmann approach as modified by Cha (Segel, 1975) ' gave the following equation:
where Et is the total enzyme; k, is the forward rate constant for the E,.ATP-E,P.ADP transition (the rate constant for enzyme phosphorylation); k -, is the backward rate constant for the E,.ATP-E,P.ADP transition (the rate constant for ATP synthesis); T = pmol ATP; D = pmol ADP; Ks, is the dissociation constant for the E,.ATP complex; Ks, is the dissociation constant for the E,P.ADP complex; K', = (Ks,
; Ki, is the dissociation constant for the E1.ADP complex (inhibition constant for ADP); and Ki, is the dissociation constant for the E1P.ATP complex (inhibition constant for ATP).
The curves through the points (in Fig. 2, A and B) are the simultaneous best fit of a11 of the data to Equation 1 done with the Scop Program (Simulation Resources, Inc., Berrien Springs, MI) using the 2 criterion. As this figure illustrates, a good fit was observed. Note that the actual fitting parameters are six because the apparent affinity constants are fully determined by the dissociation and inhibition constants. The number of data points taken was 78; this means 13 points per parameter, a more than reasonable ratio for an adequate fitting. The values of the different constants are given in Table I . Their implications will be addressed in "Discussion."
Effect of Proton Concentration
Previous works on the pH profile of the H+-ATPase activity, assayed at 20°C and in the absence of ADP, showed that it is bell-shaped with a maximal rate at 6.5 (Serrano, 1990; Roberts et al., 1991) . The left side of Figure  4 describes experiments at 0°C analyzing the pH effects on ATPase (A) and ATP-ADP exchange (B) reactions in the presence of 3 mM ATP and 2 mM ADP. The H'-ATPase activity displayed an approximately bell-shaped behavior with a maximum at pH 6.0 and decreasing to zero at pH 9.0. On the other hand, the exchange reaction remained practically unaffected from pH 5.5 to 7.0, whereas from that value it sharply increased to reach a 3-fold factor at pH 9.0. In the absence of any bound ligand, the conformation equilibrium of ATPases is strongly temperature dependent. In Na+,K+-ATPase at 0°C about 40% is E,; that percentage is increased to 90% at 20°C and to 99% at 37°C (Repke and Schon, 1992) . It is not unlikely that in the plant H+-ATPase high temperatures also favor the E, state. Given the possi- bility that this shift also applies to the E,P-E,P equilibrium, if the pH effect is related to an increase in E,P, we might observe that at high temperatures: (a) ATP-ADP exchange increases less than ATP hydrolysis, and (b) the effect of alkalinization is modified. Accordingly, we explored this point at 20°C. These results are shown in Figure 4 , C and D.
~~
As expected, the ATPase activity also displayed a bellshaped behavior, with the peak stimulation at pH 6.0; at that point the rate of hydrolysis was about 20-fold higher than that observed at 0°C. On the other hand, ATP-ADP exchange, which increased 8-fold over the maximum at O' C, was completely insensitive to pH.
Specificity of the Exchange Assays
A major problem with the determination of [I4C]ATP production in this preparation was the simultaneous presente of an adenylate kinase activity, particularly efficient at alkaline pH. This enzyme catalyzes the reaction of two ADP molecules, leading to the synthesis of one molecule of ATP and the release of one AMP. Severa1 experiments were done to investigate this point using 200 PM of the specific adenylate kinase inhibitor AP,A; note that at 1 FM this compound produces 98% inhibition of the rabbit muscle enzyme (Lienhard and Secemski, 1973) . Figure 5 shows that there is no effect of AP,A on the rates of ATP-ADP exchange either at pH 6.0 or 9.0. Figure 6 summarizes the results at pH 6.0 (A) and pH 9.0 (B) on the appearance of We also ruled out any effect due to contamination by mitochondrial H'-ATPase. At pH 6.0 and 9.0 the ATPase activity and the ATP-ADP exchange rate were not affected by sodium azide and FCCP (carbonyl cyanide p-trifluometoxyphenyl-hydrazone) (data not shown).
DISCUSSION
The work presented here shows that the plant HtATPase enzyme can catalyze a sizable phosphoryl group exchange between ATP and ADP. The existence of this reaction is predicted from the overall cycle suggested earlier for this enzyme (Briskin, 1990) and outlined in Scheme I, but up to now it had never been experimentally verified. The two main results we present have to do with the nucleotide requirements and interactions and the effects of pH.
The model in Figure 3 , which concentrates on the phosphoryl group-exchange part of the ATPase cycle, can adequately account for the nucleotide dependence of the exchange process. It could be argued that this approach is an oversimplification, particularly since it does have the two simultaneous ATP-binding sites postulated for this enzyme (Roberts et al., 1991 (Roberts et al., , 1995 . In our view the simplification is justified because leaving out the overall ATPase cycle, it is unlikely that the regulatory site (or role) of ATP will come into play. Some of the conclusions that can be drawn from the fitting parameters (see Table I ) are indeed very interesting. On the one hand, there is a similar true affinity of the catalytic site for both nucleotides (about 40% smaller for ADP); this means that ADP can effectively compete with ATP for that site. On the other hand, the affinity for ATP of the ADP-binding site in E,P is so low that in practice ATP does not influence ADP binding and dephos- 
